A LTHOUGH THE IMPORTANCE of the extremities in thermo-regulation is well established little has been done to follow progressive changes in these areas during relatively long exposures to heat and cold. There are available the results of Burton (I) showing a gradual increase in finger blood flow during several days of exposure to heat and a gradual decrease during exposure to cold. In this same paper it is shown that the superficial veins of the forearm become fully dilated in the heat and fully constricted in the cold only after some time. There are also observations on the amount of convective and radiant heat loss from the hand which show that the proportion of heat lost by the different pathways can change during the course of exposure (2).
pression of vaporization and the absence of air movement in the plethysmograph. In spite of this, the arrangement used was preferred because otherwise blood flow measurements could not have been interspersed at will with calorimetric determinations.
Stopping the air movement in the calorimeter to measure blood flow would cause a rise of temperature of such extent that further calorimetric determinations could be made only after the air circulation had been restored for some time. In view of the large variation in blood flow during any one day many observations were necessary. It was thought best to obtain these simultaneously with the calorimetric data even though it necessitated exposing the two feet to different conditions.
DETAILS OF CONSTRUCTION AND USE OF THE APPARATUS
The Calorimeter. This was a double-walled copper vessel (capacity, 7.5 liters) shaped like a boot. Air entered through two openings at the level of the toes and left by a single opening at the back of the ankle. The volume rate of air flow was 50 liters/ minute.
The estimated linear air velocity was 2 to 3 meters/minute. The effective air movement was probably greater due to turbulence.
The foot was sealed into the calorimeter and cork stops kept it from touching the metal wall.
The calorimeter was suspended in air on a framework. The air movement in the room was constant and was estimated at about 35 meters/minute. Standardization was accomplished with an electrically heated coil fitted into a boot. The heat loss to the air was measured with a thermocouple of high sensitivity with one junctio'n in the inlet air stream and one in the outlet.
A similar thermocouple was used to measure the thermal gradient across the walls. The constant relating this gradient to the heat loss across the walls was determined empirically.
A series of measurements over a period of a year with different room conditions gave estimates of the heat recovered which ranged from gg to 104 per cent of the heat input.
Evaporative heat loss was determined gravimetrically. For most purposes the evaporative heat loss has been calculated from the mass of water lost using the constant for the heat of vaporization at the average surface temperature of the skin. For more exact purposes allowance must be made for the expansion of the water vapor to the volume corresponding to the relative humidity attained in the calorimeter, as has been emphasized by Murlin and Burton (4) and Hardy and DuBois (5) . Calculations of this type have been made on the data only in comparisons of the insulating value of air at different temperatures to make certain that apparent differences were not due to such factors.
In making these corrections the cooling of water vapor from the temperature of the skin to that of the calorimeter has been considered negligible.
The expansion of the water vapor is not negligible, since the relative humidity of the calorimeter was estimated sometimes to be as low as one per cent, but the amount of heat absorbed by the gas in this expansion cannot be calculated with certainty.
The maximal amount of heat that could be absorbed is that involved if the process took place very slowly against an external pressure which at all times was only inf?nitesimally less than the gas pressure (i.e., in a thermodynamically reversible isothermal expansion). In this case the heat absorbed would be equal to p/v or RT In pl/pz. The minimal heat absorbed is that involved on 22 LOIS H. LOVE Voltme I the assumption that the expansion of the gas takes place against a pressure at all times equal to the final pressure. In this case the heat absorbed is equal to paV. At very low humidities there is considerable difference between the heats calculated in these two ways. For example, if the relative humidity of the calorimeter was one per cent and the temperature 27OC., the upper limit is 0.153 Cal/gram and the lower limit 0.033 Cal/gram.
No information is available to determine what value should be used between these limits, so that both corrections have been calculated, whenever the correction has been applied.
The Plethysmograph.
The plethysmograph was a copper vessel of 3.5 liters capacity shaped roughly like a boot. The plethysmograph and calorimeter were the same height. It was air filled and air transmission was used throughout.
Optical records from a Frank capsule were obtained on paper moving at 1.7 cm/second. Calibrations were made after each experiment by introducing measured amounts of water. This was done with the foot in place and the circulation occluded.
The excursion was linearly related to the amount of water introduced &about 5 per cent) and there was no overshoot unless the water was introduced at a rate in excess of the largest blood flows.
No water bath was used since it was found that changes in the base line were so slow as to be insignificant in the few seconds required for a measurement.
The occlusion pressure was IOO mm. Hg. A similar pressure was found to be necessary for the dependent foot by Abramson et al. (6) . The apparent venous pressure was regularly found to be 30 to 40 mm. Hg. The artefact produced by inflating the cuff was recorded.
Its maximum duration was determined by the method of Wright and Phelps (7) to be one second. The blood flow was measured from the first pulse after the end of the artefact time, for, as has been found by Wright and Phelps (7) and Christensen and Nielsen (8) , the pressure rise after venous occlusion is often not linear. Skirt Temperattire Measurements and their Probable Accuracy. Skin temperatures were obtained with 36-gauge copper-constantan thermocouples of low sensitivity which could be read to =t o.IOC. They were attached to a single Kipp and Zonen galvanometer through a selector switch. Recording was photographic.
They were held to the skin with adhesive or Scotch tape. Four were used on each foot. The locations were as follows: I) dorsal surface of the middle phalanx of the middle toe; 2) the center of the sole; 3) the Tendo-Achilles at the back of the ankle; and 4) the outside of the ankle just below the external malleolus.
These positions were selected as a result of experiments in which the foot was divided into eight transverse segments with two thermocouples in each segment. The arithmetical mean of the four points designated was found to agree closely with the average skin temperature determined with the 16 thermocouples under conditions in which the temperatures covered a range between 17.6"C. for the toe and 26.5OC. for the back of the ankle (9).
In some later experiments the skin temperature was measured with a I3c-cm. length of 3%gauge Hytemco wire which was used as a resistance thermometer.
It was wrapped in two loops parallel to the long axis of the foot and cemented to the skin with a band of cement which was not more than 5 mm. wide. This arrangement should give a better average surface temperature since evaporation was suppressed in only a narrow zone over which a large thermal gradient was less likely than with the thermocouple coverings.
A series of simultaneous measurements was made by the two methods. In the cold the resistance thermometer gave values which averaged o.8"C. below the thermocouple values. In the heat this difference increased to 1.3Oc. The morning experiment ended about 10:30 and was followed by breakfast. A light lunch was served at I :oo p.m. and shortly after this the experiment was repeated on the second subject.
Subjects were alternated so that a fasting determination was made on each subject every other day.
Variations in the room temperature during the hours of a single experiment amounted to less than 1°C. except on the afternoon of July 21 when a breakdown of the air-conditioning unit occurred.
RESULTS
The blood volume data from these experiments have been given by Spealman et al. (I I) .
Increased values were found under warm conditions. There were three periods of heat (17 days) which allow valid comparisons of the averages of the different periods. Any differences in these averages can be interpreted as evidence of acclimatization to heat which would be expected to be greatest during the first exposure in the summer and least during the winter. Two periods (8 days) were spent in the cold but since the second exposure lasted only z days no valid comparisons between the periods can be made. The values obtained in the cold will be used only to contrast the levels found in the heat.
Daily average values are given in table I and in figure I . Average values for entire periods are compared in table 2.
Fluctuations in blood flow during any one day were large in the heat (commonly amounting to changes of IOO per cent) but were small in the cold. Variations in the other measurements were small and no trends were found to indicate that insufficient time was allowed for steady conditions to be reached. Levels Cal/m2/hr. has been assumed as the probable metabolic level when the subject sat up in the fasting morning experiments.
The area within the calorimeter was about 5 per cent of the total body surface and lost 56 Cal/ms/hr. in the warmth and 29 in the cold. This implies that this area lost 6.5 per cent of the total heat in the hot condition and 3.5 per cent in the cold. Of the heat lost from the foot 51 per cent was evaporative loss in the Uppermost curve represents blood flow in cc/min., the middle two curves the mean surface temperatures of the feet (the warmer being that in the plethysmograph) in "C., and the lower total and non-evaporative heat loss in Cal/m2/hr.
heat and 27 per cent in the cold. Since the subjects were weighed at regular intervals and a complete balance sheet of ingesta and excreta was kept, comparisons of water loss may be made with that from the body as a whole (see table 3 ). In both heat and cold the water loss from the foot often equalled in intensity that from the body. Non-evaporative heat losses can be compared less accurately on the basis of the assumed heat production. In the heat non-evaporative loss from the body could have been at most 15 Cal/m2/hr., while that of the foot was 27. In the cold non-evaporative loss from the body must have been at least 35 Cal/m2/hr. while that of the foot was 22. Blood flow in the heat was 54 cc/mm; it fell to 7 in the cold. Each cc. of blood lost I to 2 calories in the heat and 4 to 7 in the cold. Since the warmer foot was in the plethysmograph, the flow of the other foot may have been somewhat less, and the heat loss per unit volume of blood may be somewhat underestimated. The temperature distribution on the foot differed in the two conditions. In the cold the toe had the lowest temperature.
In the heat the gradient was reversed and the toe became the warmest point at a level about o.&. above the average.
Non-evaporative heat losses of all types may be grouped for rough purposes and the thermal insulation value of air be calculated from the ratio of the temperature difference to heat transfer.
Such values, expressed in Clo units (12) , are shown in table 2 and indicate striking differences between the hot and cold conditions.
The levels in the summer and winter differ somewhat (possibly because of slight differences in the room conditions since the relationship of air and wall temperatures was certainly different) but the ratio of the apparent insulation in the cold to that in the heat is constant (2.1 in the summer and I .9 in the winter).
The validity of this difference will be discussed later.
DiJkrences Between the Three Periods of Exposure to Heat. Table 3 shows that the evaporative heat loss of the foot was considerably reduced by previous exposure to cold even when the exposure was as short as the 6-day interval between the two periods of heat in the summer. A similar but smaller reduction can be seen in the q-hour loss of the whole body. This decreased ability to sweat was accompanied (and probably partiallycom- BLOOD  AND  HEAT  EXCHANGE  IN THE FEET   27 pensated) by a raised skin temperature and an increased rate of non-evaporative heat loss. Blood flow measurements also show differences between the periods of heat (table 2) . In subject R, the difference in flow between any two of the three periods of heat was statistically significant, as was the smaller increase shown by subject Y for the summer periods. The amount of heat lost by each volume of blood under warm conditions was reduced after exposure to cold; both subjects are consistent in indicating this change. Evidence of Acclimatization Dwing any One Period. From the appearance and attitude of the subjects it was apparent that their condition improved during each of the longer exposures but this improvement was not reflected in any of the variables tabulated.
The only gradual change which could be demonstrated in the heat was that the toe regularly became the warmest part of the foot. In most of the exposures this rise in toe temperature relative to that of the rest of the foot took several days to develop. In the cold the toe was regularly the coldest of the four points measured with a single exception.
This exception occurred on the first morning of one of the exposures to cold.
DISCUSSION
The various levels obtained can be compared with the results obtained on the hand by Forster et al. (3) . The hand experiments in which the sur-face temperature fell within the limits found for the foot were used for this comparison.
In the cold the average blood flow was 1.5 cc/100 cc/min. for the hand and 0.5 for the foot. The flow in the warm foot (5 cc/100 cc/mm) was considerably less than that of the warm hand (16 cc/100 cc/min.).
The figures for the heat lost by each volume of blood are in good agreement with the results on the hand, as are the probable temperatures of the blood entering the arteries. These have been estimated (as were those of Forster et al.) on the assumption that the blood leaves the foot at a temperature equal to the average surface temperature.
It must be concluded that in the heat the arterial blood entered the foot at a temperature only slightly below that of the rectum, while in the cold the incoming blood must have been in the neighborhood of 3oOC. The total heat loss for the cold foot averaged 28 Cal/m2/hr. as compared to 21 for the hand (assumed hand area 0.05 m2). Corresponding values in the heat were 55 and 61. However, there is a considerable difference in the amount of heat lost over the various pathways.
The foot lost 54 per cent of its heat by vaporization in the heat and 30 per cent in the cold. In contrast to this the evaporative heat loss from the warm hand was 72 per cent of the total and 74 per cent for the cold hand. The probable reason for this difference is that the volume rate of air flow in the hand calorimeter was only one-fifth of that used on the foot. This probably would limit the convective heat loss from the hand more than the evaporative loss and so alter the ratio.
Benedict and Wardlaw (13) have reported that in comfortable conditions the rate of water loss from a unit area of the feet is greater than that for the entire body. In contrast, during profuse sweating the evaporative J&Y w8   BLOOD  AND  HEAT  EXCHANGE  IN THE FEET   29 loss of the feet was found to be less than that of other areas of the body (14, IS) . The figures given in table 3 show that under the conditions of these experiments, in which the foot was exposed to dry air and the rest of the body to moist air, such differences were not apparent. An essential factor was the reduction of the ability of the foot to sweat in the heat after exposure to cold. This is in accord with the results of Adolph (16) for the entire body. The more marked reduction in the loss from the foot than from the entire body may indicate that the regional differences described by Kuno and Weiner are more marked, or appear at a lower temperature, in the winter than in the summer.
The other differences between the three periods of heat are all probably related to this decreased ability to sweat following an exposure to cold. Thus, the raised skin temperature would result from the decreased evaporative heat loss and would lead to an increased rate of non-evaporative heat loss. The decreased cooling of the blood would result from the decreased temperature gradient from blood to skin. The increase in blood flow, which was conspicuous in one subject and partially present in the other, could be adequately explained as a compensatory mechanism used to keep up the nonevaporative heat loss in spite of the decreased cooling of each volume of blood.
Although no consistent changes in blood flow could be demonstrated during any one exposure to heat or cold, the increase in toe temperature relative to that of the rest of the foot in the heat strongly suggests that the toes have a gradual increase in flow similar to that found by Burton (I) for the finger.
The marked difference in the apparent air insulation for the hot and cold conditions was unexpected, for, as is pointed out by Burton (I ;I), the air insulation should change only a very small amount with temperature. However, the following considerations suggest that the difference is real.
I. Air insulations for an electrically heated boot were determined at different room temperatures.
The insulation was found to be at most IO per cent greater in the cold than in the heat. These results show that the phenomenon was not dependent on physical factors in the calorimeter nor to errors in the estimation of calorimeter temperature from measurements of room temperature.
2. The observed differences cannot be due to errors in calculation of the evaporative heat loss. Both corrections for the heat absorbed during the expansion of the water vapor, as previously described, have been calculated. The non-evaporative heat recovered has been corrected by this amount on the assumption that all of the heat absorbed by the vapor comes from the air. Both corrections lower the air insulation but do not decrease the ratio of the air insulation in the cold to that in the heat. The uncorrected ratio is 1.9. With the minimum correction it becomes 2.0 and with the maximum correction, 2.3. Although the inner wall temperature was not measured, the thermal gradient across the walls happened to be the same under both conditions, so that the heat transfer and the thermal gradient from the outer wall to the room air must also have been identical. Analysis along these lines shows that the difference between the average air temperature in the calorime ter and the wall temperature in the two conditions could not explain the results. 4 . The skin temperature measurements were subject to a known source of error produced by covering the thermocouples and thus reducing the heat loss from the covered area. This error should be greater in the heat and, therefore, the eliminationof the error would increase the difference between the two conditions. 5. Since the temperature distribution on the foot varied greatly with the temperature level, the thermocouples might have been on representative areas in one condition but not in the other. For this reason the resistance thermometer previously described was used. Two new subjects spent a single night at each of the temperatures used before. The procedure was the same except for additional precautions in the measurement of air temperature.
In the cold the apparent air insulation was 0.75 for one subject and 1.33 for the other. Corresponding values in the heat were 0.42 and 0.24.
Since it has not been possible to find an error in measurement or a change in the physical properties of the system which would account for the difference in the apparent air insulation between the hot and cold conditions it is suggested that the change is real and has a physiological basis.
Several explanations are possible. First, there is the familiar roughening of the skin, particularly of the exposed areas, which occurs in cold weather. This would increase the still air trapped around the skin and thus decrease the convective heat loss. The idea that such roughening is an active process occurring at temperatures below that at which 'goose flesh' becomes obvious is supported by the observations on the unusual smoothness of the skin after sectioning a cutaneous nerve (IS>, and after the injection of novocaine into the region of such a nerve (19) .
An additional explanation is provided by the effects of curvature on heat loss. This has been considered by Van Dilla (20) with respect to the problem of clothing insulation and the treatment was extended by Burton (21) to include the air insulation around curved, insulated surfaces. Such a factor is well known to engineers. Heilman (22) gives the heat loss from bare iron pipes of different diameters, and equations relating the heat loss to the diameter of curved surfaces are given by Rice (23) , who has summarized the various experimental results.
The foot and toes can be treated very roughly as a series of cylinders with the toes having approximately 15 per cent of the entire surface area. The effect of the curvature factor is such that with an equal temperature gradient from the skin to the air more heat must be lost from the toes than from a comparable area of the rest of the foot. As has been mentioned before, the toes were the coldest part of the foot during the exposure to cold, so that little of the non-evaporative heat lost could have come from the toes.
In the heat the gradient along the foot was reversed, and the toe temperature became the highest of the four measured. In this case a much greater pro- portion of the heat must have been lost from the toes. Due to this change in temperature distribution the air insulation must change in the direction which has been found.
It should be emphasized that the curvature factor does not affect the heat loss by radiation.
The observed changes in air insulation are attributed to changes in the convective fraction.
If this be true, such changes should only be marked when the convective heat loss is high relative to the radiant heat loss. Insulation values have been calculated from the results of Forster et al. (3) . For the experiments in which the hand temperature was the same as the foot temperatures in these experiments the air insulation is 1.5 Clo for the warm hand and 1.7 for the cold hand. This difference is much smaller than has been found for the foot and this may be due to the fact that the volume air flow in the hand calorimeter was only one-fifth of that used on the foot. This would limit the convective heat loss, the only fraction which could be affected by the factors which have been considered as possible causes for this change in air insulation. The convective heat loss was also very low in the experiments of Hardy and Soderstrom (24) in which the air insulation for the entire body remained constant over a wide temperature range. Hardy and DuBois (25) state that when the air movement in the calorimeter was increased that this was no longer true. However, the direction and magnitude of the changes were not given. Some of the data of the method of partitional calorimetry indicates that the convective heat loss does not depend only on the temperature difference between skin and air and on the air movement, as is usually assumed. Gagge (26) has summarized a large number of experiments with constant air velocity in which the temperature gradient between the skin and air was maintained at either 6'C. or II'C. while the wall temperature was varied. The data given include estimates of temperatures and amounts of heat exchange so that the convective heat loss can be calculated. Figures taken from Gagge's tables are shown in table 4. It is apparent that the convective heat loss per degree difference between skin and air is not constant but shows a marked trend which is correlated with the skin temperature. This is in the direction which would be expected if the factor influencing the heat loss from the foot were also important in regulating the heat loss from the entire body. If the factor responsible for these deviations is one of curvature, it might be expected that the change in air insulation of the entire body might be less than for the foot, for the data on the heat loss from pipes of different sizes show that a 50 per cent reduction in diameter is more effective in increasing the heat loss when the diameter is initially small than when it is initially large. For this reason the change in distribution of heat loss from the torso and limbs might be less effective in changing the air insulation than the change in distribution along the foot.
The curvature factor can also be used to explain the fact that in the heat the foot lost a greater amount of heat on an area basis than the entire body. While the low level of heat loss from the cold foot is that to be expected from the greater reduction of foot temperature than of general surface temperature, it is not likely that the average surface temperature of the foot was July 1948   BLOOD  AND  HEAT  EXCHANGE  IN THE FEET   33 significantly higher than the rest of the body in the heat. Since the foot has a smaller effective diameter than the entire body the increased heat loss from the foot can be assigned plausibly to the effects of curvature. However, no positive conclusions can be drawn, since the relative velocities of the air inside and outside the calorimeter were not known. SUMMARY I. The heat loss, blood flow and skin temperature of the feet were measured in two subjects living at 33OC. and at 21OC. Exposures to the two conditions lasted 2 to 7 days. Both temperatures were used in the summer and again during the winter.
2. During any one experimental period of heat the only progressive change which could be demonstrated was a gradual increase in the temperature of the toe relative to that of the rest of the foot, presumably indicating an increased blood flow in the toe. In the cold no progressive changes were found.
3. All other evidence of acclimatization appeared only as differences between the various periods of exposure to the same temperature. Exposure to cold reduced the ability of the foot to lose heat by vaporization during a subsequent period in the heat. This was associated with a decrease in the amount of heat lost by each volume of blood flowing through the foot. In some cases absence of acclimatization was associated with an increased rate of blood flow through the foot. 4 . It is estimated that the foot, which has about 5 per cent of the total body area, lost 6.5 per cent of the total heat in the heat and only 3.5 per cent in the cold.
5. The heat loss per degree difference between the skin and air in the heat was about twice that in the cold. As possible explanations roughening of the skin in the cold and the effect of curvature on heat loss are suggested. Both would affect only the convective fraction of the heat loss.
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